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The Microphthalmia Transcription Factor (Mitf) activates melanocyte specific gene expression, is critical for survival and proliferation of melanocytes during development, and has been described as an oncogene in malignant melanoma. SWI/SNF complexes are ATP dependent chromatin remodeling enzymes that play a role in many developmental processes. To determine the requirement for SWI/SNF enzymes in melanocyte differentiation, we introduced Mitf into fibroblasts that inducibly express dominant negative versions of the SWI/SNF ATPases, BRM or BRG1. These dominant negative SWI/SNF components have been shown to inhibit gene activation events that normally require SWI/SNF enzymes. We found that Mitf-mediated activation of a subset of endogenous melanocyte specific genes required SWI/SNF enzymes but that cell cycle regulation occurred independently of SWI/SNF function.
Activation of tyrosinase related protein 1 (Trp1), a melanocyte specific gene, correlated with SWI/SNF dependent changes in chromatin accessibility at the endogenous locus. Both BRG1 and Mitf could be localized to the Trp1 and tyrosinase promoters by chromatin immunoprecipitation (ChIP), while immunofluorescence and immunoprecipitation experiments indicate that Mitf and BRG1 co-localized in the nucleus and physically interacted. Together these results suggest that Mitf can recruit SWI/SNF enzymes to melanocyte specific promoters for the activation of gene expression via induced changes in chromatin structure at endogenous loci.
Melanocytes are pigment producing cells that are developmentally derived from the neural crest and that comprise 1-2% of the epidermis (1) . They are also present on the epithelial surfaces of mucous membranes, hair follicles, the cochlea of the inner ear, and both the uvea and conjuctiva of the eye (2, 3) . On the skin, they play a photo-protective role by synthesizing and distributing melanin (4) . Excessive exposure to UV radiation has been linked to the transformation of cutaneous melanocytes to melanoma, a cancer that has steadily increased in frequency and is difficult to treat (5, 6) .
Microphthalmia-associated transcription factor (Mitf) is the "master regulator" of melanocyte differentiation and was elegantly shown to convert fibroblasts into dendritic cells that express melanocyte specific genes (7) . It is important for the commitment, proliferation, and survival of melanocytes during neural crest cell migration, and null mutations of the mouse Mitf gene result in complete absence of melanocytes and lack of pigmentation in the skin, eyes, and inner ear (8, 9) . Two human diseases resulting from mutations in the MITF gene are Waardenburg type 2 syndrome and Tietz syndrome, both of which are characterized by pigmentary disturbances and sensineural deafness (8) .
Mitf is a basic helix loop helix leucine zipper transcripton factor that binds DNA either as a homodimer or as a heterodimer with TFE3, TFEB, or TFEC to conserved E boxes (CACG/ATG) in the promoters of its target genes, which include genes encoding enzymes involved in melanin synthesis such as tyrosinase, tyrosinase related protein 1 (Trp1), and tyrosinase related protein 2 (Trp2 or Dct) (1, 10, 11) . Several isoforms of Mitf with cell specific distribution and activitites have been identified in human and mouse cells, including the melanocyte specific isoform, Mitf-M (12, 13) . Moreover, Mitf can be alternatively spliced and post-translationally modified by phosphorylation and sumoylation; each variation affects activity and interactions with other proteins (14) .
In addition to melanocyte specific genes, Mitf has been shown to regulate a number of other genes, including those involved in cell proliferation, and likely plays a role in melanoma etiology and progression.
Mitf can promote melanocyte proliferation by direct activation of the cdk2 promoter (15) . Conversely, Mitf promotes cell cycle arrest by direct activation of the p21Cip1 and p16Ink4A promoters and by counteracting B-RAF stimulated melanocyte and melanoma proliferation (16) (17) (18) . Mitf has also been designated a "lineage survival oncogene" because it can activate expression of the anti-apototic factor, Bcl2 and, with activated B-RAF, can transform primary human melanocytes (19, 20) . Cleavage of Mitf by caspases produces a C-terminal product that can promote apoptosis (21) . Recently, the alternatively spliced forms of Mitf have been shown to differ in their 3 ability to inhibit cellular proliferation (22) . Thus, the regulation of Mitf activity in melanocyte survival and proliferation is complex and most likely depends on the particular isoform(s) expressed, post-translational modifications, interactions with other proteins, as well as the specific cellular context.
The coordinate activity of gene specific activators and SWI/SNF chromatin remodeling enzymes has been shown to be important for the activation of genes during cellular differentiation and for regulation of proliferation (23) (24) (25) (26) (27) (28) (29) (30) . Mammalian SWI/SNF enzymes are evolutionarily conserved, multiprotein complexes that contain one of two closely related ATPases, BRM or BRG1, and utilize the energy of ATP to disrupt chromatin structure (31, 32) . The Brg1 subunit and some other SWI/SNF subunits, including Ini1, and Srg3/Baf155, have been shown to be essential for mouse development (33) (34) (35) (36) (37) . Furthermore, SWI/SNF enzymes are critical for myogenesis, adipogenesis, neurogenesis, osteogenesis, and myeloid differentiation (23) (24) (25) (26) (27) (28) (29) . and are also involved in the regulation of the cell cycle (38) (39) (40) (41) (42) (43) .
Although Mitf has been shown to regulate a number of melanocyte specific genes, little is known about how these genes are activated within their endogenous chromatin context. Mitf can interact with the histone acetyl transferase CBP/p300 to activate target genes, however, it is unclear whether activation of gene expression results from acetylation of histone proteins or by other mechanisms (44) (45) (46) . In the current study, we demonstrate that SWI/SNF chromatin remodeling enzymes are necessary for Mitf mediated activation of melanocyte specific genes. We show that BRG1 co-localizes and interacts with Mitf, and is recruited to and remodels chromatin structure on the promoter of a melanocyte specific gene. The data establish a requirement for specific chromatin remodeling enzymes during melanocyte specific gene expression and melanocyte differentiation.
EXPERIMENTAL PROCEDURES
Cell culture and plasmids-The mouse + isoform of the melanocyte specific Mitf (Mitf-M) was generously provided by Thomas Hornyak (NCI) and subcloned into the pBabe vector (9, 47) . Control (tetVP16), dominant negative BRM (H17), and dominant negative BRG1 (B22) cell lines inducibly express ATPase deficient, dominant negative alleles of BRM or BRG1 in a tetracycline dependent manner (48) . Cells were cultured in the presence (dominant negative expression OFF) or absence (dominant negative expression ON) of tetracycline for 3 days and were infected at 50% confluence with pBabe-Mitf retrovirus or with retrovirus generated from the empty pBabe vector as previously described (28) for 30 hours. A low serum medium containing 2% horse serum and 2 μg/ml puromycin was then added, and cells were harvested 40 hours later.
B16 (F0) mouse melanoma cells were purchased from ATCC and maintained in media with 10% fetal calf serum.
RNA analysis-RNA was isolated and reverse transcribed as previously described except that one μl of cDNA was amplified using Qiagen Master Mix (49 Supernatant from a rat hybridoma generated against a GST-BRG1 fusion protein (48) was used for immunocytochemistry without dilution.
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Isolation of protein and Western analysis were performed as previously described (48) .
Immunoprecipitations-Cells were washed two times with phosphate buffered saline (PBS) and lysed in TLB buffer (20mM Tris-HCl pH 7.8, 137mM NaCl, 2mM EDTA, 1% triton X-100, 10% glycerol, 0.5mM DTT, 5mg/ml aprotonin, 5mg/ml leupeptin, 1mM PMSF, 2mg/ml BSA) by passing cells through a syringe with a 27 gauge needle. Lysate was then centrifuged at 13000 x g for 15 min. The supernant was rocked with 8μl of rabbit antisera against BRG1, BAF57, Ini1, or with the irrelevant antibody, MyoD, for 12 hours, followed by the addition of protein A Sepharose (Amersham) and an additional incubation while rocking for 2 hours. Beads were washed three times in lysis buffer and eluted with 2% SDS gel loading buffer.
Immunocytochemistry-Cells were plated on coverslips, washed twice with 0.1% Tween20 in PBS, fixed with 4% paraformaldehyde in PBS, permeablized with 0.5% Triton-X100 in PBS, and washed twice with ice cold PBS/0.1% Tween20. A one hour incubation with blocking buffer (10% goat serum/0.1% Tween20 in PBS) was followed by an overnight incubation with rat anti-BRG1 monoclonal antibody and mouse anti-Mitf antibody (C-5, Abcam) at 4 o C. Coverslips were then washed three times with ice-cold PBS/0.1% Tween 20 and incubated with Alexa 488 labeled goat anti mouse antibody and Alexa568 labeled goat anti rat antibody (Molecular Probes) for 30 minutes at room temperature.
Coverslips were again washed three times in 0.1%Tween20 in PBS and mounted in Prolong (Molecular Probes). Images were visualized using a confocal laser microscope (Leica). Co-localization efficiency was analyzed as described (54) except that the cross correlation function (CCF) was calculated by rotating the red image over an angle Δx degrees in the x orientation with respect to the green image such that -180<Δx<180.
A negative value of Δx indicates that the red image was rotated in the counterclockwise direction and a positive value indicates a rotation in the clockwise direction.
Pearson's correlation coefficient (γ p ) was calculated for each value of Δx and plotted against Δx to get the CCF (54).
ChIPs-ChIPs were performed as previously described (55) (56) .
ChIPs were also quantified by real time PCR using a Hot Start Sybr Green Master Mix (Qiagen) and amplified on a 7500 Real time thermocycler (ABI). CT values were determined for each ChIP and standardized to their respective inputs using the 7500 SDS software.
Restriction Enzyme Accessibility-Restriction enzyme accessibility experiments using an LMPCR protocol were performed as previously described (55) . Briefly, nuclei were isolated and digested with either Dra I or PvuII and the genomic DNA was purified. One microgram of digested DNA was ligated to the LM-PCR1 and LM-PCR2 adaptors using the Takara Ligation Kit version 2 (57). PCRs were performed at 94 0 C for 15 min, followed by 24 cycles of 94 0 C for 30s, 60 0 C for 1 min, 72 0 C for 1 min. in the presence of [ 32 P]dATP, the products were run on a 5% polyacryalmide gel then detected and quantified with a Phosphor Imager (Molecular Dynamics). The primers used for detection of Trp1 were LM-PCR1 (57) and a primer in the upstream region of Trp1: 5'GAGGCTGGCATCCATATGT CAGTCAAAG3'.
Inputs were monitored by amplifying the same samples used for LMPCR with the primers used in the ChIP assay. The primers to myogenin were previously described (55) .
RESULTS

Transcription of a subset of melanocyte specific genes is inhibited by dominant negative BRM and BRG1.
Mitf has been shown to regulate a number of melanocyte specific genes, including those involved 5 in melanin biosynthesis (tyrosinase, Trp1, and Dct). Mitf also regulates the melanocortin-1 receptor (Mc-1r) and Pmel17, a membrane glycoprotein important for melanosome structure (58-61). Ectopic expression of Mitf into NIH 3T3 fibroblasts causes differentiation into melanocyte like cells that are dendritic and that express melanocyte specific genes (7).
We previously described fibroblast cell lines that inducibly express dominant negative versions of BRM or BRG1 under the control of the tetVP16 activator (48) . In order to determine whether SWI/SNF enzymes play a role in melanocyte specific gene expression, we introduced Mitf by retroviral infection into a control tetVP16 cell line, a dominant negative BRM cell line (H17), and a dominant negative BRG1 cell line (B22) that had been grown in the presence or absence of tetracycline and then cultured in low serum media to promote differentiation. Fig. 1A shows FLAG-tagged dominant negative BRM and BRG1 expression in H17 and B22 cells respectively, when the cells were cultured in the absence of tetracycline and demonstrates that ectopic expression of the Mitf protein occurred. Mitf is phosphorylated at multiple sites and the two bands that we detected most likely represent the hypo-phosphorylated and hyper-phosphorylated forms (62) (63) (64) (65) . Dominant negative BRM and BRG1 expression did not inhibit the ectopic expression of Mitf, consistent with previous work showing that these dominant negative proteins did not affect expression of numerous regulatory factors introduced by pBABE derived retroviruses (28, 29, 49, 55, 66) .
A number of Mitf target genes were induced in the control tetVP16 cell lines differentiated in the presence or absence of tetracycline and in the dominant negative cell lines differentiated in the presence of tetracycline. However, when H17 and B22 cells were differentiated in the absence of tetracycline, expression of most of these genes was inhibited by the presence of dominant negative BRM and BRG1 (Fig. 1B) . Mc-1r was the only gene examined that was expressed but not inhibited by the presence of dominant negative BRM or BRG1 (Fig. 1B) .
We conclude that a subset of Mitf target genes require SWI/SNF enzymes for activation.
Cell cycle arrest occurs independently of SWI/SNF enzymes.
For many cell types, terminal differentiation is characterized by withdrawal from the cell cycle in G1. Mitf induces p21CIP1 and p16Ink4A (16, 17) , both inhibitors of cell cycle progression, however, it is not known if this is required for expression of melanocyte specific genes. Mitf has been shown to interact with the retinoblastoma protein (pRb), and it was previously reported that low serum conditions promote expression of melanocyte specific genes when Mitf is introduced into fibroblasts, suggesting that cell cycle arrest is important (7, 67) . SWI/SNF enzymes also have been shown to activate both the p21CIP1 and p16Ink4A promoters and to promote pRB mediated cell cycle arrest in some cell types (40, 41, 68, 69) . Therefore, to determine whether SWI/SNF enzymes are required for cell cycle withdrawal during Mitf-mediated differentiation, we differentiated cells with Mitf in low serum media in the presence or absence of dominant negative BRM or BRG1 and stained cells with propidium iodide to determine the number of cells in the different phases of the cell cycle. Fig. 2 shows that the expression of dominant negative BRM or BRG1 did not affect the ability of differentiated cells to arrest in the G1 phase of the cell cycle and suggests that SWI/SNF enzymes can promote activation of melanocyte specific genes by Mitf but do not mediate changes in gene expression that promote cell cycle withdrawal.
SWI/SNF enzymes promote Mitf dependent chromatin remodeling on a melanocyte specific gene.
To determine whether the requirement for SWI/SNF enzymes in the activation of melanocyte specific genes was due to direct remodeling of chromatin structure on the promoters of these genes, we analyzed the chromatin structure at the endogenous Trp1 promoter by performing in vivo restriction enzyme accessibility experiments. We found that the expression of Mitf resulted in an increase in restriction enzyme accessibility upstream of the start site of transcription at a Dra I cleavage site located at -271 and at a Pvu II cleavage site downstream in the coding region at +107 and that expression of dominant negative BRG1 inhibited the increase in accessibility at both sites ( Fig. 3A and  B) . In contrast, no increase in accessibility was observed at a Pvu II site located in the promoter region of the endogenous myogenin locus in these 6 cells (Fig. 3C ). This observation is consistent with the lack of myogenin expression in Mitf differentiated cells (data not shown). Therefore, SWI/SNF dependent activation of a melanocyte specific gene by Mitf is correlated with remodeling of chromatin structure at its promoter.
Mitf promotes recruitment of SWI/SNF enzymes to and histone hyperacetylation of a melanocyte specific promoter.
To further support the idea that SWI/SNF enzymes activate melanocyte specific gene expression by directly remodeling chromatin structure, we performed chromatin immunoprecipitation experiments (ChIPs) to determine whether the Brg1 ATPase was interacting with the Trp1 promoter. Semiquantitative ChIP analysis in Fig. 4A shows that Brg1 was associated with the Trp1 promoter in the presence or absence of tetracycline and that the association was dependent on the expression of Mitf. Epitope (FLAG) tagged dominant negative BRG1 expressed in cells grown in the absence of tetracycline was also bound to the Trp1 promoter in Mitf differentiated cells. Furthermore, the interaction of Mitf with the Trp1 promoter occurred independently of functional SWI/SNF enzymes, suggesting that SWI/SNF enzymes are recruited to the Trp1 promoter by Mitf. The specificity of these ChIPs is demonstrated by the lack of association with the IgH enhancer, even though this region contains a potential Mitf binding site (Fig. 4B) .
We also analyzed binding of Brg1 to the Trp1, tyrosinase, and Mc-1r promoters using real time PCR and found that Brg1 was associated with both the Trp1 and tyrosinase promoters, but not with the Mc-1r promoter (Fig. 4C) . This is consistent with data showing that Trp1 and tyrosinase gene expression required functional SWI/SNF enzymes while Mc-1r expression occurred independently of functional SWI/SNF enzymes (Fig. 1B) . The Brg1 antibody, which recognizes both wildtype Brg1 and dominant negative BRG1, detected Brg1 on the Trp1 and tyrosinase promoters irrespective of the presence or absence of tetracycline, suggesting that dominant negative BRG1 is associated with its target promoters.
To confirm that dominant negative BRG1 was associated with the Trp1 and tyrosinase promoters, we performed ChIPs using a FLAG antibody that detects the FLAG tagged dominant negative protein. We found that FLAG-dnBRG1 was localized on the tyrosinase and Trp1 promoters but not on the Mc-1r promoter (Fig. 4C) . This observation is consistent with previous data showing that dominant negative BRG1 can form a complex with other SWI/SNF components and with gene specific activators which recruit a nonfunctional SWI/SNF complex to target genes (48, 55) . Because SWI/SNF complexes with a mutation in the ATPase subunit are nonfunctional, they can not remodel chromatin structure and their presence inhibits gene activation events that require its chromatin remodeling activity.
Hyperacetylation of histones H3 and H4 is often correlated with gene activation, and the bromodomains of ATP dependent chromatin remodeling enzymes have been shown to preferentially interact with acetylated histone proteins (70) . We found that activation of gene expression by Mitf correlated with the association of Mitf and hyperacetylation of histone H4 on the Trp1 and tyrosinase promoters in both the presence or absence of tetracycline. Thus, H4 hyperacetylation occurred independently of SWI/SNF enzyme function, consistent with previous studies showing that in mammalian cells, histone acetylation occurred at specific regulatory sequences prior to the association of SWI/SNF enzymes (29, 55, (71) (72) (73) (74) .
Consistent with previous work showing that Mitf activates and binds to a promoter region containing a potential Mitf binding site (58,59), Mitf was also associated with the endogenous Mc-1r promoter and activation of the Mc-1r gene correlated with hyperacetylation of histone H4. Thus, Mitf may recruit histone acetyltransferases but not SWI/SNF enzymes to the Mc-1r promoter. The specificity of these promoter interactions was demonstrated by the lack of any interaction at the IgH enhancer, which contains an E box but is not known to be regulated by Mitf (Fig. 4C) (56) .
To corroborate our results in the Mitf differentiated fibroblasts, we investigated whether SWI/SNF enzymes could interact with the Trp1 promoter in a melanocyte derived cell line. The B16 cell line is a mouse melanoma cell line that is pigmented and that expresses Trp1 (7) . Initial semiquantitative ChIP analysis using a Brg1 antibody 7 showed that Brg1 was associated with the Trp1 promoter in B16 cells (Fig. 5A) , suggesting that SWI/SNF enzymes are involved in the expression of Trp1 in cells that normally express this gene.
Additional ChIPs analyzed by real time PCR showed that two other SWI/SNF components, BAF 57 and Ini1, as well as Brg1 were associated with the Trp1 promoter. The association of these SWI/SNF subunits correlated with localization of Mitf on the Trp1 promoter, suggesting that Mitf recruits the SWI/SNF complex to target genes.
Mitf co-localizes and physically interacts with SWI/SNF enzymes.
SWI/SNF enzymes do not possess DNA binding sequence specificity and are thought to be recruited to promoters by gene specific activators. Both chromatin remodeling and localization of Brg1 on the Trp1 promoter was Mitf dependent, suggesting that Mitf recruits SWI/SNF to its target promoters. To address this possibility, we used immunocytochemistry and immunoprecipitation to determine whether Mitf and Brg1 co-localize in the nucleus and physically interact. Immunocytochemistry revealed that both Mitf and Brg1 were associated with euchromatic regions of the nucleus and that some Mitf co-localized with Brg1 both in the presence and absence of tetracycline (Fig. 5A) . Limited co-localization would be expected, as Brg1 has been reported to regulate many cellular genes. In order to determine whether the observed overlap between Mitf and BRG1 was randomly distributed or positively correlated, we quantified the degree of co-localization by cross correlation analysis (54) . In cross-correlation analysis, a cross correlation function (CCF) with a negative peak indicates exclusion, a flat CCF indicates random distribution, and a CCF with a positive peak indicates non-random overlap (54) . The CCFs obtained show positive peaks, both for cells differentiated in the presence and in the absence of tetracycline, which indicates that there was significant, non-random overlap between the red (Brg1) and the green (Mitf). Furthermore, the results show that dominant negative BRG1 did not affect co-localization (Fig. 5A ).
To determine whether Mitf and Brg1 can physically interact, we immunoprecipitated Brg1 and looked for the presence of Mitf. We found that endogenous Mitf could be co-immunoprecipitated with endogenous Brg1, BAF57, and Ini1, thereby demonstrating an interaction between Mitf and multiple members of the SWI/SNF complex (Fig.  5B) . The co-localization of Mitf and Brg1 as well as the co-immunoprecipitation of Mitf, Brg1, Baf57, and Ini1 support the hypothesis that Mitf recruits SWI/SNF enzymes to melanocyte specific genes.
DISCUSSION
Ectopic expression of the melanocyte specific isoform of human MITF was previously shown to convert fibroblasts into cells with melanocytic characteristics (7) . Since that initial demonstration, there have been many studies describing activation of reporter genes by ectopic expression of Mitf into non-melanocytic cells, but there have only been a few additional reports describing induction of endogenous genes. In order to determine the requirement for SWI/SNF chromatin remodeling enzymes in melanocyte differentiation, we expressed mouse Mitf-M in fibroblasts that inducibly express dominant negative versions of BRM or BRG1 and looked at the expression of endogenous melanocyte specific genes. Similar to the original report using human MITF, we found that mouse Mitf could activate expression of tyrosinase and Trp1, two members of the tyrosinase gene family that encode enzymes involved in melanin biosynthesis. We also found that dopachrome tautomerase (Dct/Trp2), a third member of this gene family, was activated, whereas the original report did not detect any activation of Dct (7). Dct is activated earlier in development than tyrosinase or Trp1, and its regulation may differ from that of the other two members of the tyrosinase gene family (75) . Transfection of human MITF into some human cell lines was unable to activate the Dct promoter unless Lef-1 was co-transfected, whereas mouse Mitf could significantly activate expression of Dct (76) (77) (78) . Thus, the mouse and human forms of Mitf may differ in their ability to transactivate the Dct promoter. Recently, Mitf, Sox10, and Lef-1 have been shown to synergistically transactivate the Dct promoter to much higher levels than Mitf alone (77, 79) . Regardless, our results clearly show that 8 the activation of Dct and the other members of the tyrosinase gene family by Mitf was highly dependent on SWI/SNF enzymes.
We found that ectopic expression of Mitf could also induce expression of Pmel17. Pmel17 has been shown to be a direct target of Mitf and to be induced by ectopic expression of Mitf in fibroblasts (52, 61) . Pmel17 is the product of the silver locus and plays a role in melanosome structure (80) . The human protein has been used as a target in melanoma immunotherapy, therefore regulation of Pmel17 expression is of particular interest (81). Our work further describes the regulation of Pmel17 by showing that Pmel17 gene expression requires the activity of SWI/SNF enzymes.
The α-melanocyte stimulating hormone (α-MSH) is required for expression of many melanocyte specific genes. It binds to the melanocortin-1 receptor (Mc-1r), a member of a sub-family of G protein-coupled receptors that is expressed in melanocytes and other cells (82) . Mitf has been shown to activate the Mc-1r promoter in both melanocytes and mast cells (58,59), therefore we tested whether Mitf could activate Mc-1r expression in fibroblasts and whether its expression required SWI/SNF enzymes. We found that Mc-1r was expressed in fibroblasts at low levels and was activated by Mitf in a SWI/SNF independent manner. ChIP analysis confirmed the association of Mitf with Mc-1r but did not show significant enrichment of Brg1 on the Mc-1r promoter, suggesting that its association with the promoter is either less stable than with the Trp1 and tyrosinase promoters or that Mitf does not recruit SWI/SNF enzymes to the Mc-1r promoter.
The data also indicate that only a subset of Mitf regulated genes requires SWI/SNF. These results are in agreement with previous studies indicating that SWI/SNF enzymes are required for the induction of some, but not all genes activated by MyoD during muscle differentiation (55) and are required for the expression of a subset of genes activated during myeloid differentiation (24). The data suggest that SWI/SNF enzymes are required for activation of specific genes during differentiation but not all of the genes that are activated during the specification of a new cell lineage. It will be interesting to determine whether those genes that require SWI/SNF enzymes can be categorized by as yet undetermined common characteristics.
In addition to activation of melanocyte specific genes, Mitf is important for the proliferation and survival of melanocytes during migration from the neural crest and has been shown to both promote and to inhibit cell proliferation. A recent report showed that Mitf cooperates with the retinoblastoma protein (pRb) to activate the p21Cip1 gene and induce cell cycle arrest (16) . SWI/SNF enzymes have also been shown to interact with pRb, promote expression of p16INK4A and p21CIP1, and induce cell cycle arrest (40) (41) (42) 68, 69, 83) , therefore we were interested to see whether Mitf requires SWI/SNF enzymes for cell cycle withdrawal associated with melanocyte differentiation.
Under the culture conditions used, we did not detect any change in the number of cells arrested in G1 as a result of Mitf expression or dominant negative BRM or BRG1 expression. While it remains possible that SWI/SNF enzymes might contribute to the ability of Mitf to promote cell cycle arrest, under the conditions tested, we show that SWI/SNF enzymes are not required for changes in gene expression associated with cell cycle withdrawal. Similarly SWI/SNF enzymes were not required for the activation of cell cycle regulators that promote cell cycle arrest during MyoD mediated muscle differentiation (49, 66) . During cellular differentiation, the chromatin structure of previously silent genes becomes accessible upon activation of gene expression. SWI/SNF enzymes have been shown to play a critical role in the activation of gene expression during muscle, adipocyte, neural, enterocyte, and erythroid differentiation (23, (27) (28) (29) 84, 85) . To our knowledge, this is the first report that SWI/SNF enzymes are required for specific aspects of melanocyte differentiation. Moreover, we determined that SWI/SNF enzymes are directly involved in the activation of Mitf target promoters such as Trp1, because the Brg1 ATPase of SWI/SNF enzymes interacts with target promoter sequences, and promotes changes in chromatin structure at an endogenous locus. Consistent with observations made in other systems, histone acetylation at target promoter sequences occurred in a manner that was independent of SWI/SNF function (55) . Where examined in mammalian systems, histone acetylation precedes the interaction and function of SWI/SNF enzymes (29, 55, (71) (72) (73) (74) .
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Although we have demonstrated a role for Brg1 in the activation of melanocyte specific genes, we can not exclude the possibility that Brm may also be involved in the regulation of these genes because dominant negative BRG1 and dominant negative BRM can inhibit the activity of SWI/SNF complexes composed of either subunit (48) . In addressing the mechanisms by which SWI/SNF enzymes regulate melanocyte specific gene expression, we focused on Brg1 function because previous work with Brm knockout mice did not report a pigmentation phenotype (30) , suggesting that Brm is either not required or that Brg1 can compensate for lack of Brm in the regulation of melanocyte specific genes. We clearly demonstrate that Brg1 is associated with the regulatory regions of melanocyte specific genes. Future experiments utilizing RNAi to Brg1 or Brm will more directly address the individual contribution of each of these ATPase subunits, however, work in other cell types showed that RNA1 mediated inhibition of one SWI/SNF subunit caused concomitant downregulation of other SWI/SNF subunits as well (86, 87) .
SWI/SNF enzymes interact with a number of different gene specific activators (88) . The interaction between Brg1 and Mitf, a member of the Myc family of basic helix loop helix (bHLH)-Zip transcription factors that share a basic domain for DNA binding and HLH and leucine zipper regions for dimerization, parallels the contribution by SWI/SNF enzymes to the activity of bHLH proteins. MyoD is a member of the bHLH family of transcription factors that heterodimerizes with ubiquitously expressed E proteins, and binds cognate E boxes in the promoters of muscle specific genes, and interacts with Brg1 to activate muscle specific genes (55, 89) . Similarly, Brg1 interacts with the bHLH factors NeuroD and Ngnr1 during neurogenesis (27).
However, SWI/SNF contributions to activator mediated gene stimulation are not solely limited to bHLH proteins because during myeloid differentiation and adipogenesis, the enzymes also promote gene activation by C/EBP family members, which have distinct protein domains (23, 24) . In addition, SWI/SNF enzymes promote activation of gene expression by transcriptional activators with zinc fingers, including PPARγ and other nuclear hormone receptors (29, (90) (91) (92) as well as with EKLF and GATA-1 (41, 88) . Thus, SWI/SNF enzymes can cooperate with gene specific transcriptional activators having different structural motifs to activate gene expression during differentiation.
The interaction between SWI/SNF enzymes and gene specific activators appears to be critical for SW/SNF recruitment.
During melanocyte differentiation, we found that SWI/SNF enzymes are associated with the Trp1 and tyrosinase promoters, are co-localized with Mitf in the nucleus, and physically interact. Together these results suggest that Mitf recruits SWI/SNF enzymes to the promoters of melanocyte specific genes where SWI/SNF enzymes remodel chromatin to activate gene expression.
Chromatin remodeling by SWI/SNF enzymes can promote gene expression by promoting different phases of transcription in a gene specific manner. Our previous work on muscle differentiation showed that SWI/SNF enzymes are required for binding of gene specific activators to the myogenin promoter (55) .
During adipocyte differentiation, SWI/SNF enzymes are required for pol II pre-initiation complex stability (29) . For other genes, SWI/SNF enzymes have been shown to facilitate binding of TBP and also to promote later stages of transcription initiation and elongation of transcription (84, (93) (94) (95) . Future studies will identify the specific requirements for SWI/SNF enzymes during transcription of melanocyte specific genes. 
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